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1. Introduction 
Recent research has suggested that there are significant and unobserved heterogeneity 
across incumbent local exchange carriers (ILECs) in producing telephone services. 
Introduction of controls for heterogeneity has a tremendous effect on measures of scale and 
subadditivity of costs (Wilson and Zhou, 1997 and 2001). However, sources of unobserved 
heterogeneity remain a question, which I believe has important policy implications, for 
different underlying factors contributing to the unobserved heterogeneity across ILECs may 
require different regulatory responses. 2) For instance, unobserved heterogeneity that largely 
reflected disparities in ILECs' cost efficiencies would call for efficiency-enhancing 
regulatory regimes (such as price cap and other incentive regulations). If, however, 
unobserved heterogeneity resulted from different production technologies and other 
technological and regulatory constraints, efficiency-enhancing regulatory regimes might not 
be effective in achieving their intended objectives. 
One underlying factor typically not accounted for in the prevIOUS literature IS the 
efficiency of ILECs observed in the data. A traditional approach is to estimate a cost 
function (e.g., a translog cost function) using seemingly unrelated regressions (SUR). In 
such models, the estimated cost function is taken as an estimate of the minimum cost 
function. Using this approach, potential differences in firms' cost inefficiencies are lumped 
together and amalgamated in the error structure. Even with the use of fixed effects the 
traditional SUR approach would still be unable resolve the problem. In fact, fixed effects 
with SUR may capture some of the differences in cost efficiencies across ILECs and lead to 
the wrong conclusion that cost functions of ILECs are heterogeneous. Indeed, if the 
unobserved cost inefficiencies are correlated with, for instance, firm sizes, it may explain 
1) The author gratefully acknowledges comments from Kent Currie, Bob Jacob, and David Mandy. An earlier 
version of this paper was presented at the 15th Annual Western Conference of Center of Research in Regulated 
Industries, South Lake Tahoe, California, June 19-21, 2002. 
2) In a study by Gabel and Kennet (1994) omission of vertical services, interexchange services, and proxy 
variables for user density are considered to be potential sources of unobserved heterogeneity. 
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the sensitivity of scale effects to the inclusion of fixed effects. In this research, I employ a 
model of cost function consistent with unobserved heterogeneity. Specifically, I estimate a 
translog cost function with controls for unobserved heterogeneity using a stochastic frontier 
approach. This approach allows me to test the hypothesis regarding firms' potentially 
heterogeneous technologies as well as to estimate cost inefficiency at the firm level over 
time, and thereby enable me to sort out the heterogeneous production technologies from 
variations in cost inefficiency. 
There have been many studies examining the cost structure in the telecommunications 
industry in the past two decades. These studies focused on determining scale economies and 
subadditivity of costs in the industry and yielded conflicting results. For example, 
Christiansen, Cummings and Schoech (1983) using U.S. Bell System data found 
considerable scale economies. Evans and Heckman (1983; 1984; 1986; and 1988), 
estimating a multiple output model, found that costs are not subadditive. Chames, Cooper 
and Suyoshi (1988) using the same data but differing techniques found exactly opposite 
results. Roller's (1990a; 1990b) reconciled the previous research by suggesting the translog 
may not have favorable properties. By using a CES-quadratic on these same data, he found 
that the pre-divestiture Bell data are consistent with a natural monopoly. Shin and Ying 
(1992) suggested the disagreement among researchers on the natural monopoly issue was 
due to the data used. They estimated a translog cost function with panel data and performed 
a subadditivity test. Their conclusion was that local exchange carriers did not have 
sub additive costs, and it is likely that the local exchange carriers were unnatural 
monopolies. In a recent paper, Wilson and Zhou (2001) reexamined the natural monopoly 
issue using a cost function that controls for firm heterogeneity. Their subadditivity tests 
suggested that ILECs' costs were subadditive and ILECs might therefore be natural 
monopolies. 
There have been extensive studies that estimate production and cost frontiers across a 
wide spectrum of industries.3l But few, to the best of my knowledge, have examined the 
local exchange carriers. In a recent study Uri (2001) examined the impact of incentive 
regulation on the productive efficiency of local exchange carriers in the US. Using a non-
parametric approach known as data envelopment analysis (DEA), Uri estimated productive 
efficiency of individual local exchange carriers and found that there were little change in 
productive efficiency and incentive regulation did not have "demonstrable trend" over the 
sample period examined. This research differs from that of Uri in both objectives and 
3) These industries include airlines, banking, agriculture, construction, electric utilities, and hospitals, just to 
name a few. Greene (1997) provides a comprehensive survey of econometric estimation of production and 
cost frontiers. The reader may refer to Charnes et al. (1994) for methodology and applications using the non-
parametric approach (known as data envelopment analysis). 
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methodology. Unlike Uri's, my objective is to "identify" underlying factors attributable to 
unobserved heterogeneity across ILECs. The estimation of cost inefficiency is an ancillary 
"by-product." The objective also determines that this research needs to be built on the 
parametric approach previously used so that meaningful and comparable results can be 
obtained. 
I adopt the half-normal model used by Aigner et al. (1977) and londrow et al. (1982) in 
estimating the cost frontiers of ILECs and their cost inefficiencies.4) Unlike most previous 
work on frontier estimation, I use a "true" fixed effects formulation in the empirical work. 5) 
The estimations and tests indicate that ILECs operated with parametrically different 
production technologies and their operations were close to their respective cost frontiers (at 
least for the sample period). I also find that failure to control for unobserved heterogeneity 
would yield greater cost inefficiency estimates. I find no evidence of discemable trend in 
cost inefficiency over time. These findings suggest that unobserved heterogeneity across 
ILECs likely mirrors the technological disparity in their respective networks and raise 
legitimate questions regarding the potential impact and pertinence of existing regulatory 
regimes in the industry. 
Following this introduction, I present the empirical model of stochastic cost functions in 
Section 2. I discuss data and variable construction in Section 3. I discuss the empirical 
results in Section 4 and present the conclusions in Section 5. 
2. Model 
The significant and unobserved heterogeneity across firms in producing telephone 
services could be accounted for either by differences in the technology used by ILECs or by 
differences in cost inefficiency or by both. This issue may be resolved parametrically by 
incorporating stochastic frontier analysis with controls for heterogeneity across firms. A 
commonly used approach to modeling stochastic cost frontiers (see Greene, 1997) is to 
assume that firms' cost functions take the following form and have them estimated on the 
basis of some distributional assumptions about error terms: 
(1) InCn=lnc(Pn,Qn)+vn+un 
where Pn is a vector of factor prices and Qn a vector of outputs, vn is an additive zero-mean 
normally distributed error term, un is a non-negative cost inefficiency measure to be 
estimated, and n indexes the observations used in the estimation. To incorporate controls 
4) Jondrow et al. (1982) estimated technical inefficiency in a stochastic frontier production function using a half-
normal model and an exponential model. In this research I estimate a stochastic cost frontier function and only 
apply the half-normal model. 
5) The term "true" was used by Greene (2002) in referring to the kind of the fixed effects model of stochastic 
frontier I use in this research. In this manuscript Greene discussed in detail how to incorporate fixed effects and 
stochastic frontier estimations. 
for unobserved heterogeneity as well as relevant operating characteristics of ILEes, I 
assume that ILEes' cost functions are given by6) 
(2) InCn = Inc(Pn ,Qn' Tn,t) + Vn + d n + Un 
where Tn is a vector of observed technology and operating characteristics, t a time trend 
capturing unobserved technological change, and d n is a firm-specific dummy variable, 
which may have a positive or negative (relative to a base :fIrm) coefficient. I assume that 
vn is normally distributed with zero mean whereas un is non-negative with "half-normal" 
distribution. The dummy variable d n is used to "capture" potentially firm-specific 
production technologies (which could be construed as embodying their respective firm-
specific cost frontiers). This model allows me to test a set of hypotheses regarding 
heterogeneity across ILEes. If, for example, unobserved heterogeneity is accounted for 
solely by cost inefficiencies un across ILEes, firm-specific dummies would have zero 
coefficients, which implies that ILEes' production technologies may be homogeneous. If, 
however, it is accounted for by dummy variables, then it can be construed that ILEes may 
have idiosyncratic underlying production technologies, and they may operate on different 
cost frontiers. In the event that both un and d n affect heterogeneity exhibited in the cost 
functions of ILEes, the estimation would yield both useful qualitative insights on ILEes' 
cost structures and quantitative cost inefficiency measures with which ILEes operate. 
My estimation is based on the following translog form of ILEes' cost functions, i.e., for 
each firm n = 1, 2, "', N, its cost function is defined as: 
InCn = a o+ L$i1nPi+ LljlnQj+ LOkTk+ Tt 
j k 
(3) 
+ LL/(i)nPilnQj+ LL ,uikln~ln Tk + LL J);,k 1n Qjln Tk 
i j i k j k 
+ L eJln~+ L Bjtln Qj + LPk 1n Tk +andn +En, 
j k 
where En = J)n + un' and J) and U are assumed to satisfy the distributional assumptions given 
above. Symmetry and homogeneity of factor prices require the following restrictions to be 
imposed: 
6) Again, Greene (2002) had a detailed discussion on using the "brute force" of computers to estimate this kind of 
fixed effects stochastic frontier models. 
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¢ik = ¢ki \j i, k, CPjl = CPlj \j j, l, TJkl = TJlk \j k, l, 
(4) 
Using the standard method (Aigner et al. 1977 and londrow et al. 1982), I estimate the 
model with the following log likelihood function for the compound error term: 
(5) log L (E I B,a,A) 
where E = lnC- BIX, A = au, a 2 = a:+a~, B is a vector of slope and dummy 
all 
parameters, and <D (.) is the standard normal cumulative distribution function. I use the 
maximum likelihood estimator to obtain parameter estimates in the model. I then compute 
the estimated cost inefficiency measures according to londrow et al.'s "half-normal" 
formulation, i.e., 
(6) 
where An = En
A
, ¢ C.) is the density of the standard normal distribution. 
a 
3. Data and Variable Construction 
The primary source of data is Statistics of Communications Common Carriers (SOCC) 
published by the FCC. 7) The data set includes information on the major ILECs' financial and 
operating statistics. 8) There are 77 ILECs in this unbalanced panel over the II-year period 
from 1988 to 1998.9) Since some ILECs do not have data over the entire II-year period, and 
observations with missing or suspect values (e.g., negative factor shares) were removed, the 
analysis is based on an unbalanced panel of 525 observations from 63 ILECs. The number 
of observations per firm ranges between two and eleven. Descriptive statistics are given in 
table 1. 
The ILECs III the sample differ substantially III outputs, costs, factor pnces, and 
operating characteristics (see figure 1 for details). The ILEC with the largest network (in 
terms of access lines), for instance, has over 374 times more access lines than the smallest 
7) These data are now commonly used by researchers to analyze issues related to ILEGs. 
8) ILEGs provide access lines to end users and transport calls within their respective operating territories. Many 
ILEGs also provide interexchange services such as intra-LATA and inter-ATA toll services as well as vertical 
services such as private branch exchange, key system, caller 10, call waiting, and other related services. 
9) The FGG publishes SaGG annually. Since 1999 the SaGG's format and content have been changed and, as 
a result, data on individual ILEG's financial and operating statistics are no long available after 1998. 
ILEC in the sample. Some ILECs generated over 100 billion local calls a year where others 
handled fewer than 150 million local calls a year. The skewed distributions of output 
variables and operating characteristics suggest that ILECs in the sample are not a 
homogeneous group of firms. It is also noteworthy that ILECs' outputs and operating 
characteristics did not seem to vary much over the sample period. 
In this study, I use two alternative measures of multiple outputs. One is a set of 
traditional output measures, i.e., number of local calls, number of toll calls, and number of 
access lines. IO) However, as documented in recent studies, these output measures commonly 
yield negative marginal cost estimates and non-concavities in factor prices. Following 
Wilson and Zhou (2001), I adopt a different multi-output measure by consolidating local 
and toll calls into a product mix measure, which is defill<~d as PM = LCI (LC+ TC) . 
Such an approach is comparable to studies in motor carrier markets. II) In the result section, 
I present four estimation results (based on two specifications and two output treatments). 
Total cost is modeled as a function of three exogenous factor prices: labor, capital and 
materials. To compute total cost, I subtract depreciation and amortization expenses from the 
total operating expenses and add the resulting difference to capital expenses. Total operating 
expenses include plant specific operation expenses, plant non-specific operations expenses, 
other operation-related expenses, and employee compensation. 
Capital stock, capital expenses, and capital rental price are computed in the same manner 
as Shin and Ying (1992) and Wilson and Zhou (1997, 2001).12) First, I obtain an implicit 
price deflator by averaging communications equipment price indices over a 20-year period. 
I then compute real capital stock by dividing total communications plant by the implicit 
price deflator. Finally, I convert the real capital stock to current dollars and the capital 
expenses. Communications equipment price indices are obtained from The National Income 
and Product Accounts and Moody's Baa corporate bond yields is used to compute capital 
expenses and rental price capital. 13) Rental price of capital is obtained by dividing capital 
expenses by total number of access lines. Wage rate is computed by taking the ratio of total 
employment compensation to the total number of employees. Price of materials is computed 
10) This approach was used in Shin and Ying (1992) and Wilson and Zhou (1997). 
11) The underlying premise of this variable is that the cost differences across local and toll dimensions reflect 
differences in the networks of ILEGs. ILEGs that handle higher proportions of local calls are shown to have 
higher costs (Wilson and Zhou, 2001). 
12) A reader had issues with the way capital stock is constructed and suggested that more robust data be used. 
While acknowledging this legitimate concern, I continue to construct capital stock in the way it was done so that 
comparable results can be obtained. I have, however, explored alternative approaches such as perpetual 
inventory method. The results were not materially affected. 
13) In my previous work, I used Moody's domestic telephone bond yields. Since 1996 these statistics are no longer 
available. Following Uri (2001), I used Moody's Baa corporate bond yields instead. This series is highly 
correlated with that of domestic telephone bond yields (with the correlation coefficient being 0.8486). 
Therefore, the resulting capital stock computation should be comparable. 
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as the residual expenses divided by the total number of access lines. Variables of operating 
characteristics include percentage of electronic switches, total number of central offices, 
and average loop length. 14) 
4. Empirical Results 
I estimate two sets of empirical models: one without controls for unobserved 
heterogeneity, and one with controls for unobserved heterogeneity. The rationale for 
estimating these models is two-fold. First, I want to test the hypothesis embedded in 
Equation 2, i.e., ILECs have homogeneous cost functions. Second, I want to determine 
whether different treatments of outputs would affect estimated cost frontiers. 
Parameter estimates in general are similar across all specifications to those obtained by 
Wilson and Zhou (2001). Disparities of the parameter estimates between models with and 
without controlling for unobserved heterogeneity highlight the importance of these controls 
(see Table 2 for details).15) The first-order coefficients for labor and capital prices, local 
calls, toll calls, access lines, product mix, technology proxy, central offices, and average 
loop length all have the correct signs and most of them are statistically significant when 
fixed effects model is used. The pooled model, however, yields the first-order coefficients 
for local calls, toll calls, product mix, technology proxy, and average loop length that have 
wrong signs. The parameter estimates for technology proxy are negative and statistically 
significant in both versions of the fixed effects model; but they appear to be larger than 
expected. 16) Trend is negative, but interestingly, in three out of four specifications it is 
statistically insignificant. This suggests that unobserved technological progress proxied by 
the time trend may not have much impact on ILECs' cost over the sample period. The 
relatively smaller magnitudes of parameter estimate for access lines in the fixed effect 
models suggest that there are substantial scale economies in providing access telephone 
networks. 
I performed a variety of hypothesis tests on these models. The log likelihood ratio test 
( X~3 =988.3) indicates that fixed effects model is preferable and controls for unobserved 
heterogeneity are appropriate and should be incorporated in the estimation of ILECs' cost 
frontiers.17) I also performed Hausman test (X~4 =155.65), providing strong evidence that 
14) The rationale for constructing the variables in the way described above can be found in Wilson and Zhou 
(2001). 
15) Parameter estimates for fixed-effects dummies are not reported in Table 2 but available upon request. 
16) The magnitude of the estimated coefficient is considerably larger than previously obtained (Wilson and Zhou, 
2001). This discrepancy may have resulted from measurement error in the data set previously used or in the 
extended data set used in this study. Another possibility is that the new observations in the extended data set 
happened to have lower costs and greater percentage of electronic switches, thus considerably skewing the 
distribution. By examining the data, it seems that this may well be the cause for the discrepancy. The 
qualitative result remains unchanged nonetheless. 
17) This test result is consistent with our previous test results (Wilson and Zhou, 2001). 
the fixed-effects model dominates the random-effects model. These test results have 
noteworthy empirical implications regarding ILECs' cost frontiers. First, the presence of 
firm-specific effects suggests that there may not be a single industry cost frontier. Instead, 
ILECs may be operating on different cost frontiers of their own. Therefore, the 
heterogeneity exhibited in ILECs' cost functions may not have been counted for by different 
cost inefficiencies. Second, the dominance of the fixed effects model over the random 
effects model suggests that the differences in ILECs' cost functions are more likely to result 
from the parametric disparities in their production technologies than from the randomness of 
the sample. 18) 
The magnitudes of estimated cost inefficiencies from different empirical models do have 
important implications regarding the nature of statistically significant fixed effects. As 
illustrated in Figure 2, estimated cost inefficiencies differ considerably between the simple 
pooled specifications and the fixed effects specifications. Different output treatments, 
however, have practically no effects on the magnitudes of cost inefficiencies. The estimated 
cost inefficiencies from the pooled specifications are in the order of 1.7% (on average, 
ranging from 0.4 % to 10%), and those from the fixed effects specifications are in the order 
of 0.8% (on average, ranging from 0.2% to 4%). The cost inefficiency estimates from the 
pooled specifications as a whole are about twice the magnitudes of cost inefficiency 
estimates from the fixed effects models. 
The substantially different magnitudes of cost inefficiency estimates between the two sets 
of models raise some imperative questions regarding the fixed effects. Specifically, what do 
the fixed effects capture? Do they capture different production technologies or they simply 
"absorb" part of the cost inefficiencies of the ILECs? To answer these questions, I 
examined the cost inefficiency estimates in a number of ways.19) First, a simple visual 
examination of the estimates and the plots of these estimates against each observation reveal 
that the cost inefficiency estimates from the two sets of corresponding specifications 
regarding the same ILEC do not move in the same direction most of the time. If a particular 
firm dummy captured part of the cost inefficiencies over time, I would expect cost 
inefficiencies not only to be smaller for the fixed effects model but also to move in the same 
direction between the two models. The fact that cost inefficiencies move in different 
directions suggests that firm dummies capture "something other than" cost efficiencies. It 
18) In fact, the sample data are not random at all. Only large telephone companies with more than $100 million in 
annual revenues are required to report their operating statistics to the FCC. Smaller companies are not 
included in SOCC. 
19) The fixed effects stochastic model used herein is intended to "appropriately isolate firm heterogeneity while 
preserving the mechanism in the stochastic frontier that produces estimates of technical or cost inefficiencies 
(Greene, 2002)." Therefore, by construction, the answer to this question is already built in the structure of the 
error components. 
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is entirely plausible that what were captured by the fixed effects were the respective cost 
frontiers of the ILECs. To verify the validity of the visual examination, I calculate the 
correlation coefficient of estimated cost inefficiencies between the two sets of models. The 
correlation coefficient for the three-output specifications is 0.3356 whereas that for the 
product mix specification is 0.2773. Based on these results, it is plausible that the estimated 
cost inefficiencies from the pooled model have greater cost inefficiency estimates by 
"mistaking" differences in cost frontiers as part of their cost inefficiencies. 
Apart from the different magnitudes of the cost inefficiency estimates, there does not 
seem to be any noticeable decrease or increase in these estimates over time. As illustrated 
in Figure 2, none of the ILECs exhibited any pattern in cost inefficiency over the sample 
period.20) These results are similar to those of Uri (2001) even though I differ in variable 
construction and estimation techniques. The small magnitudes of cost inefficiencies 
(especially those from the fixed effects models) seem to suggest that ILECs may have been 
operating close to their respective cost frontiers over the sample period. 
S. Concluding Remarks 
In this research, I examine the robustness of some previous research by examining cost 
inefficiency as a source of unobserved heterogeneity exhibited in the cost functions of 
ILECs. I estimate ILECs' cost frontiers, using traditional specifications, but incorporating 
controls for differences across firms. By so doing, I am able to sort out the disparities in 
ILECs' production technologies from their cost inefficiencies as well as to estimate cost 
inefficiency at the firm level. The estimations and tests lead to the following findings. First, 
the heterogeneity in the ILECs' cost functions mirrors largely the different cost frontiers of 
ILECs rather than their cost inefficiencies. Second, models without controlling for the 
heterogeneity tend to overstate the cost inefficiencies of the ILECs. Third, ILECs do not 
deviate much from their respective cost frontiers. Finally, the small magnitudes and the 
stochastic nature of cost inefficiencies suggest that regulations that are meant to enhance the 
cost efficiency of the industry may not yield substantial efficiency improvement. 
These findings raise some general as well as specific questions regarding ILECs 
regulations and their potential impact on the industry. First, given the evidence of 
reasonably efficient ILECs, is it justified for regulatory agencies to expend limited resources 
on those efficiency-enhancing regulations of this industry?21) Second, in the presence of 
20) These are ILECs with available data the whole sample period. Their cost inefficiencies are plotted in three 
separate groups to facilitate easy reading. These plots are based on the fixed effects model with three outputs. 
Plots based on other specifications and product mix are similar and hence omitted. 
21) This question, however, does not apply to the validity and pertinence of those regulations intended to curb the 
market power of ILECs. lowe this important distinction to David Mandy and other participants at the 15'h Annual 
Western Conference of Center of Research in Regulated Industries. 
scale economIes and subadditive costs, how would competitive entrants into the local 
exchange market affect not only the performance of incumbents but also that of the new 
entrants? Mergers and consolidations of ILECs that took place in recent years may give a 
clue to how ILECs and new entrants will fare in a fiercely competitive environment. I 
suspect that opening up the local exchange market to competition is likely to induce undue 
competition and result in efficiency loss. 
Received January 30, 2003, Accepted January 31, 2003 
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Table 1. Descriptive statistics 
Variable Mean Std. Dev. Minimum Maximum 
Total Cost 1,579,134.1787 2,349,185.3025 63,971.0664 11,240,100.0000 
Labor Price 44.2328 10.1882 8.2969 87.0147 
Capital Price 0.1963 0.0509 0.0904 0.5272 
Material Price 0.2016 0.0577 0.0620 0.4501 
Local Calls 9,411 , 160.0000 16,235,900.0000 148,449.0000 99,324,800.0000 
Toll Calls 1,673,370.0000 2,657,440.0000 36,037.0000 16,821,700.0000 
Access Lines 3,208.1653 5,025.2632 76.2350 28,452.5000 
Product Mix 0.8205 0.0796 0.4587 0.9665 
Tech. Proxy 0.9637 0.0617 0.6892 1.0003 
Central Offices 402.6095 455.7659 27.0000 1,967.0000 
Average Loop Length 0.0408 0.0307 0.0030 0.1701 
There are 525 observations in the sample. Total cost, labor price, capital price, and material 
price are in thousand dollars. Local calls, toll calls, and access lines are in thousands. Loop 
length is measured in miles. 
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Table 2. Parameter Estimates 
Parameter 
Intercept 
PL 
PK 
LC 
TC 
AL 
PM 
TK 
CO 
LL 
Yz*PL2 
PL*PK 
Yz*PK2 
Yz*LC2 
LC*TC 
LC*AL 
Yz*TC2 
TC*AL 
Yz*AL2 
AL*PM 
Yz*PM2 
Yz*TK2 
TK*CO 
TK*LL 
Yz*C02 
CO*LL 
Yz*LL2 
PL*LC 
PL*TC 
PL*AL 
PL*PM 
PK*LC 
PK*TC 
PK*AL 
PK*PM 
PL*TK 
PL*CO 
PL*LL 
PK*TK 
PK*CO 
PK*LL 
LC*TK 
LC*CO 
LC*LL 
TC*TK 
TC*CO 
TC*LL 
AL*TK 
AL*CO 
AL*LL 
Specification 1 
Est. Std. Err. 
0.1046 0.0107 
0.2000 0.0036 
0.5429 0.0255 
0.0403 0.0273 
0.0137 0.0155 
0.9408 0.0438 
* * 
-0.0158 0.1398 
-0.0348 0.0145 
0.0452 0.0211 
-0.1001 0.0278 
0.1580 0.0302 
0.3157 0.0474 
0.3096 0.0334 
0.1285 0.0244 
-0.4875 0.0510 
0.1327 0.0272 
-0.2640 0.0460 
0.7920 0.0890 
* * 
* * 
0.9146 0.6429 
-0.1806 0.0605 
0.4710 0.0909 
-0.0211 0.0092 
-0.0454 0.0109 
0.0817 0.0163 
0.0273 0.0252 
0.0398 0.0240 
-0.0240 0.0500 
* * 
-0.1577 0.0298 
-0.0259 0.0238 
0.1858 0.0489 
* * 
0.2360 0.1543 
-0.0748 0.0146 
0.0665 0.0229 
0.0508 0.1563 
0.0628 0.0119 
-0.0066 0.0183 
-0.2933 0.1164 
-0.0212 0.0091 
-0.0908 0.0208 
-0.3364 0.1028 
-0.0269 0.0146 
-0.0294 0.0154 
0.8365 0.2114 
0.0615 0.0230 
0.1631 0.0339 
Specification 2 
Est. Std. Err. 
-0.0106 0.0105 
0.1469 0.0309 
0.5469 0.0394 
0.1188 0.0386 
0.0250 0.0178 
0.6440 0.0576 
* * 
-0.3635 0.1455 
0.0083 0.0179 
-0.1133 0.0404 
-0.0352 0.0322 
0.1491 0.0340 
-0.0347 0.0535 
0.0132 0.0726 
0.0475 0.0271 
-0.0719 0.0780 
0.0483 0.0241 
-0.1087 0.0427 
0.1407 0.1139 
* * 
* * 
-1.2657 0.8790 
0.0501 0.0650 
-0.2177 0.1117 
-0.0061 0.0145 
-0.0155 0.0178 
-0.0744 0.0498 
0.0511 0.0286 
0.0586 0.0216 
-0.1202 0.0451 
* * 
-0.0725 0.0334 
-0.0668 0.0268 
0.1667 0.0499 
* * 
-0.0393 0.1548 
0.0083 0.0148 
-0.1172 0.0222 
0.1150 0.1903 
-0.0219 0.0155 
0.1848 0.0248 
-0.0564 0.1582 
-0.0227 0.0123 
-0.0066 0.0250 
-0.1694 0.1097 
-0.0050 0.0132 
-0.0015 0.0184 
0.1445 0.2316 
0.0325 0.0241 
0.0170 0.0433 
Specification 3 
Est. Std. Err. 
0.1559 0.0239 
0.2500 0.0510 
0.4490 0.0437 
* * 
* * 
0.9631 0.0292 
-0.1516 0.1440 
0.0366 0.2809 
0.0203 0.0323 
0.0265 0.0387 
-0.0017 0.0539 
0.0837 0.0567 
0.2855 0.0813 
* * 
* * 
* * 
* * 
* * 
-0.0180 0.0177 
0.0814 0.0778 
-1.0735 0.4745 
-0.1864 1.1797 
0.0228 0.1395 
0.1310 0.2182 
-0.0062 0.0179 
-0.0387 0.0260 
0.0572 0.0369 
* * 
* * 
0.0410 0.0269 
-0.2449 0.1433 
* * 
* * 
-0.0284 0.0254 
0.1478 0.1591 
0.4425 0.3118 
-0.0302 0.0294 
0.0968 0.0359 
-0.3189 0.3658 
0.0461 0.0268 
-0.0706 0.0364 
* * 
* * 
* * 
* 
* 
* 
* 
* * 
-0.0275 0.1414 
0.0084 0.0168 
0.0309 0.0250 
Specification 4 
Est. Std. Err. 
-0.0090 0.0104 
0.1252 0.0332 
0.5741 0.0406 
* * 
* * 
0.7921 0.0477 
0.1044 0.0916 
-0.2583 0.1535 
0.0139 0.0182 
-0.1463 0.0406 
-0.0411 0.0372 
0.1606 0.0383 
-0.0643 0.0580 
* * 
* * 
* * 
* * 
* * 
-0.0522 0.0283 
0.0401 0.0425 
0.4947 0.3383 
-2.1171 0.7996 
0.0611 0.0641 
-0.3278 0.1107 
-0.0084 0.0145 
-0.0148 0.0175 
-0.0917 0.0472 
* * 
* * 
0.0065 0.0144 
-0.0334 0.0740 
* * 
* * 
-0.0020 0.0159 
0.0576 0.0900 
-0.0100 0.1716 
-0.0069 0.0170 
-0.1027 0.0233 
-0.0440 0.2106 
-0.0019 0.0176 
0.1526 0.0266 
* * 
* * 
* * 
* 
* 
* 
* 
* * 
-0.0731 0.0707 
0.0096 0.0120 
-0.0133 0.0233 
Table 2. Parameter Estimates (cont.) 
Specification 1 Specification 2 Specification 3 Specification 4 
Parameter Est. Std. Err. Est. Std. Err. Est. Std. Err. Est. Std. Err. 
PM*TK * * * * -0.2616 0.8795 -0.0228 0.3665 
PM*CO * * * * -0.1215 0.0762 -0.0486 0.0363 
PM*LL * * * * 0.0274 0.1404 0.0295 0.0717 
PL*TREND 0.0115 0.0024 0.0032 0.0038 -0.0038 0.0039 0.0066 0.0042 
PK*TREND 0.0033 0.0043 -0.0006 0.0047 0.0093 0.0073 -0.0061 0.0050 
LC*TREND -0.0143 0.0035 -0.0137 0.0040 * * * * 
TC*TREND -0.0022 0.0026 -0.0093 0.0023 * * * * 
AL*TREND 0.0133 0.0061 0.0291 0.0056 0.0007 0.0034 0.0020 0.0017 
PM*TREND * * * * 0.0088 0.0169 0.0037 0.0096 
TK*TREND 0.0188 0.0197 0.0379 0.0255 -0.0339 0.0443 0.0265 0.0261 
CO*TREND 0.0088 0.0019 -0.0028 0.0020 0.0012 0.0038 -0.0014 0.0020 
LL*TREND -0.0086 0.0021 0.0162 0.0024 -0.0072 0.0040 0.0165 0.0024 
TREND -0.0038 0.0032 -0.0021 0.0040 -0.0178 0.0065 -0.0028 0.0040 
~*TREND2 -0.0015 0.0006 0.0003 0.0006 0.0008 0.0011 0.0004 0.0006 
A 1.4199 0.4138 1.4100 0.2780 1.9610 0.3569 1.3522 0.2771 
1/0' 15.5687 1.3066 39.9661 2.4750 13.2439 0.7743 37.2825 2.3181 
0'" 0.0369 0.0144 0.0343 0.0159 
0' u 0.0525 0.0204 0.0676 0.0215 
Note: PL stands for labor price, PK capital price, LC local call, TC toll calls, AL access lines, 
PM product mix, TK technology proxy, CO central offices, LL average local loop length, and 
TREND time trend. Spec. 1 is the simple model without controls for firm-specific heterogeneity, 
Spec. 2 the fixed effects model, Spec. 3 the simple model with product mix, and Spec. 4 the 
fixed effects model with product mix. 
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Table 3. Summary Statistics of Cost Inefficiency Estimates 
Specification 1 Specification 2 Specification 3 Specification 4 
Mean 0.0197 0.0073 0.0167 0.0080 
Std. Dev. 0.0110 0.0035 0.0095 0.0037 
Min. 0.0057 0.0018 0.0037 0.0084 
Max. 0.0930 0.0357 0.1 027 0.0381 
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Figure 3. Cost Inefficiency Estimates 
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Figure 3. Cost I nefficiency Estimates (cont.) 
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Figure 3. Cost Inefficiency Estimates (cont.) 
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Figure 3. Cost Inefficiency Estimates (cont.) 
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Figure 3. Cost Inefficiency Estimates (cont.) 
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Figure 3. Cost Inefficiency Estimates (cont.) 
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